Natural history museum collections represent a vast source of ancient and historical DNA samples from 2 extinct taxa that can be utilized by high throughput sequencing tools to reveal novel genetic and 3 phylogenetic information about them. Here we report on the successful sequencing of complete 4 mitochondrial genome sequences (mitogenomes) from eleven extinct bird species, using de novo 5 assembly of short sequences derived from toepad samples of degraded DNA from museum specimens. 6
Introduction 18
Museum collections hold millions of biological specimens. These specimens function as a reservoir of 19 genetic material distributed throughout the tree of life and collected worldwide (Buerki & Baker 20 2016) . For extinct taxa, museum collections may be the only source available for genetic material. 21
Museum specimens can also be a rich resource for genomic analyses of rare and remote species from 22 which access to fresh samples can be hard to obtain (Besnard et al. 2016; Kollias et al. 2015) . 23
Especially for studies of how species respond to environmental change, habitat loss and changes in 24 population size, the value of museum specimens has increased in recent years (Buerki & Baker 2016) . 25
During the last decade, new sequencing technologies have revolutionized the field of molecular 26 genetics. High throughput methods make it possible to reconstruct genetic regions, or genomes, 27 from objects hundreds or even thousands of years old (Miller et al. 2009; Miller et al. 2008) . The 28 methods require relatively short DNA molecules compared to traditional Sanger sequencing, and are 29 therefore highly suitable for sequencing degraded DNA, like old museum specimens. The utilization 30 of museum specimens for genomic analyses has given rise to the term 'museomics' (e.g. Guschanski 31 et al. 2013; Zedane et al. 2016) . 32
The mitochondrial genome (mitogenome) is, due to its maternal inheritance and mutation 33 characteristics, an important marker for studies related to taxonomy, phylogenetics, biodiversity and 34 evolution (Boore & Brown 1998; Gibb et al. 2007; Ingman et al. 2000; Sankoff et al. 1992) . In 35 vertebrates, the number of mitochondrial DNA copies may be several orders of magnitude higher 36 than the number of nuclear DNA copies in most tissues (Shadel & Clayton 1997) . This feature 37 facilitates the utilization of mitochondrial over nuclear DNA when working with small quantities of 38 template DNA. Complete mitogenomes, with decent read coverage, may be reconstructed by semi-39 high-throughput sequencing, even when the sequence data are insufficient to assemble nuclear 40
genomes. 41
The number of mitogenomes reconstructed from extinct species is now rapidly increasing (Paijmans 42 et al. 2013 rRNA gene), we performed additional MITObim mapping using reference genomes from related taxa 91 with known duplicated control regions. In addition to using complete mitochondrial genomes as 92 references, we employed this iterative mapping strategy using the assembled cytB, NAD6 and 12S 93 rRNA gene sequences separately as short sequence bait. With this strategy, we aimed to provide 94 independent iterative mapped assemblies from each side of the regions where duplications are likely 95 to occur. Coverage plots from these assemblies were inspected and the contig sequences were 96 manually aligned in MEGA6 (Tamura et al. 2013) . 97
We also performed initial mapping using a human mitogenome as reference. By this approach, we 98
were not able to reconstruct the human mitogenome from the read pool, indicating that our 99 consensus sequences were not affected by human contamination. 100
Gene annotations were performed automatically using the MITOs web server (Bernt et al. 2013) and 101 manually inspected. 102
For the four species without any prior genetic information, we searched for their closest relatives 103 using the cytochrome oxidase I (COI) gene nucleotide sequence as query in the BOLD database 104 (Ratnasingham & Hebert 2007) . 105
106

Results
107
On average, we obtained 20, 194, 345 (SE= 445, 089) reads per specimens (see Table 2 for details). We 108 were able to reconstruct the mitogenome from all the study objects with our iterative mapping 109 approach, yielding an average coverage ranging from 22.54X (Moho braccatus) to 160.67X 110 (Campephilus imperialis). Se Supplementary Table S1 for details. Number of mapped reads to each 111 reference in the iterative mapping is provided in Figure S3) , which may indicate a duplicated region. For these species we employed 126 the iterative mapping strategy described above. For Psephotellusus pulcherrimus we used the 127 mitochondrial genomes from the following species as referecence, both previously shown to have 128 duplicated control regions: Melopsittacus undulatus (GenBank acc.no NC_009134) and Psittacus 129 erithacus (GenBank acc. no KM611474). When including these mitogenomes as reference, and the 130 gene specific baits, we uncovered an extra sequence motif, approximately 700 bp, in the control 131 region at nucleotide position 15,558. The gene arrangement was, however, identical to that of the 132 initial mapping. For the Moho braccatus we used the following mitogenomes with duplicated control 133 region as reference: Petroica macrocephala (GenBank acc. no KC545402) and Tachycineta albiventer 134 (GenBank acc. no JQ071620). Based on these references and the gene specific baits, we also here 135 obtained no change in the gene rearrangements. 136
One species, Callaeas cinereus, revealed a suspiciously low coverage region within the control region 137 at nucleotide position 15,580, even though the complete mitogenome coverage was relatively 138 uniform (Supplementary figure S3) . This drop in coverage was observed around a C(n)TAC(n) motif. Forthis species we followed the same strategy as described above using the reference mitogenome from 140
Philesturnus carunculatus (GenBank acc. no KC545403, (Gibb et al. 2015) 
Psephotellus pulcherrimus and Campephilus imperialis. We also found incomplete stop codons in the 148
COXIII gene in all specimens, and in the NAD4 gene in all specimens except in Campephilus imperialis. 149
Seven of the eleven species have genetic information available in GenBank. A summary of the 150 similarity between the sequence data obtained in our study and known mitochondrial sequence data 151 from the respective species are provided in Table 3 . Note that two of the extinct species, Ectopistes 152 migratorius and Turnagra capensis, already have published mitogenomes (Gibb et al. 2015; Hung et 153 al. 2013) . For these two species, the similarity between the published mitogenomes and the 154 mitogenomes from our study were 0.997 and 0.996, respectively. 155
The following four species have, to our knowledge, no present genetic information available in 156 Because we also obtained sequence data from nuclear genomic DNA with our approach, we tested 164 the possibility to reconstruct such genetic regions with our sequencing data. Using available nuclear 165 sequence data from GenBank as bait in the MITObim mapping, we tried to reconstruct nuclear genes. 166
However, the amount of sequence data generated in our sequencing runs was insufficient to 167 reconstruct nuclear sequence data with high coverage. When using the nuclear contig sequences 168 with coverage ≥2, the reconstructed sequences obtained similarity between 0.991-1.000 with the 169 species-specific sequence bait. sequence. We did, however, uncover a ~700 bp sequence motif not detected in the initial mapping in 193 the Psephotellus pulcherrimus control region (Supplementery Figure S3) . This highlights the 194 importance of employing multiple references in an iterative mapping strategy if inadequate mapping 195 is suspected. Since we observed increased coverage depth in the respective cytB -12S rRNA region 196 in the initial mapped assembly of the Moho braccatus mitogenome, we also suspected this species to 197 have duplicated motifs in the control region. Yet, we were not able to detect any alterations from the 198 standard avian mitochondrial gene arrangement when additional references and sequence baits 199 were included in the iterative mapping. Nevertheless, considering the relative high coverage 200 between the cytB gene and the 12S rRNA gene, we are not fully confident about the true sequence in 201 this region. We would therefore recommend caution when using this region of the mitogenome for 202 future phylogenetic analyses in this or related species. Providing Sanger-based sequence data from 203 the control region, using high quality DNA from closely related taxa, can also be an approach to 204 obtain robust contig sequences from this challenging region. 205
In order to reconstruct the Pinguinus impennis mitogenome we first used four different 206 mitogenomes as reference in the MITObim mapping. All these assemblies revealed a major gap in the 207 NAD6 gene. Such gap may indicate a duplicating event. Hence, we used two previously published 208 baits, one from Pinguinus impennis and one from the related Alca torda (Moum et al. 2002) . These 209 sequence baits cover the complete region between the cytB gene and the 12S rRNA gene and are 210 obtained by traditional Sanger based sequencing. When these sequence baits were included we 211 managed to resolve the respective gap in the NAD6 gene and no duplication events were uncovered.average coverage. Yet, a motif with suspiciously low coverage (Supplementary Figure S3) was 214 revealed. This motif consist of C(n)TAC(n) and is located approximately 800 bp downstream from the 215 NAD6 gene. We were not able to resolve this motif, and it was replaced by 'N's in the final contig 216 sequence. Similar drop in coverage was observed in several of the samples in the same region and at 217 the identical sequence motif (Pinguinus impennis, Ectopistes migratorius, Psephotellus pulcherrimus) 218 or at the similar motif C(n)TTC(n) (Akialoa obscura, Psittirostra psittacea), C(n)TCAC(n) (Heteralocha 219
acutirostris) or C(n)TTAC(n) (Turnagra capensis, Moho braccatus). Such regions with drop in coverage 220
should be flagged and carefully investigated, since they may indicate gene rearrangements. 221
Nevertheless, systematic coverage bias in vertebrate mitochondrial data has previously been 222 reported, including a bird (Ekblom et al. 2014) . These authors reported a negative association 223 between local GC content (50 bp window) and coverage in assemblies of mitochondrial genomes 224 obtained from Illumina data. The local GC content in the above mentioned respective sequence 225 motifs ranged between 0.824 and 0.909. The observed drop in coverage may accordingly be 226 explained by systematic coverage bias due to high local GC content. 227
We observed a frame shift mutation in the NAD3 gene, violating the genetic code in Ectopistes 228 migratorius, Pinguinus impennis, Psephotellus pulcherrimus and Campephilus imperialis. This 229 mutation has frequently been observed among avian taxa (e.g. Mindell et al. 1998a) . The incomplete 230 stop codons in COXIII and NAD4 are also common features of avian mitogenomes (e.g. Gibb et al. 231 2015; Hung et al. 2013) . The incomplete NAD4 stop codon was not observed in Campephilus 232
imperialis. This is in concordance with the similar trait seen in the closely related Campephilus 233 guatemalensis (Fuchs et al. 2015) . 234
Except for the existing genetic information from Callaeas cinereus and the 12S gene from Moho 235 braccatus (see GenBank acc.no. and references in Table 3 ), our sequence data was highly similar to 236 available genetic sequence data. The Callaeas cinereus sequence data in GenBank, provided by Zuccon and Ericson (2012) , was derived from a specimen from the extant population on the North 238 Island (Zuccon and Ericson, pers. comm.). In the classification adopted by Zuccon and Ericson (2012) wilsoni. In our alignment with the Moho braccatus mitogenome and the GenBank 12S gene 243 sequence (287 bp) we observed 6 nucleotide substitutions and three gaps. Two of these gaps were 244 filled in with an 'N' in the GenBank sequence. Our sequence data revealed an identical cytb gene 245 compared to the available sequence data from the same species. 246
We employed the DNA barcode marker (COI gene) and the BOLD database for indicating the closest 247 relative to the four species without any prior genetic information. The BOLD database may have 248 incomplete taxonomic coverage, so our identification of the sister species should be treated with 249 caution. The correct phylogenetic placement of these four species must await further phylogenetic 250
studies. 251
Our results show that complete mitogenomes of high quality can easily be reconstructed from 252 toepad samples of old museum skins. For all samples we had an average coverage of >20 reads 253 across the entire mitogenome, which should be sufficient for reconstructing the true sequence. Our 254 approach did not have enough sequence depth to recover nuclear regions, so reconstructing the 255 nuclear genome would require several orders of magnitude higher sequencing coverage. Our study 256 exemplifies the value of museum collections as repositories for genetic resources. Mitochondrial 257 DNA markers will continue to play a vital role in the evolutionary studies of birds and other taxa (Zink 258 & Barrowclough 2008) , and it is obvious that the utilization of full mitogenomes will increase the 259 resolution and quality of the analysis. Importantly, it will be possible to make better assessments of 260 the phylogenetic position of extinct taxa and probe deeper into their evolutionary history and 261 patterns of genetic diversity (Paijmans et al. 2013 
